Pore forming toxins (PFTs) are a class of proteins which have specifically evolved to form unregulated pores in target plasma membranes, and represent the single largest class of bacterial virulence factors. With increasingly prevalent antibiotic-resistant bacterial strains, next generation therapies are being developed to target bacterial PFTs rather than the pathogens themselves. However, structure-based design of inhibitors that could block pore formation are hampered by a paucity of structural information about pore intermediates. On similar lines, observations of the inter-subunit interfaces in fully-formed pore complexes to identify druggable residues, whose interactions could potentially be blocked to hamper pore formation or destabilize pore assemblies, are often limited because of the presence of a large number of protein-protein interaction sites across pore inter-subunit interfaces. Narrowing down the list of plausible target residues requires a quantitative assessment of their contributions towards pore stability, which cannot be gleaned from a single, static, crystal or cryo-EM pore structure.
and alteration of the lateral organization of lipid domains (Yilmaz & Kobayashi, 2015) as well 48 as lipid dynamics (Ponmalar et al., 2019) . Further, we have also shown through experiments 49 and modelling that not just fully formed pores but oligomeric intermediates along the pore protein stability and conformational specificity (Desiraju & Steiner, 2001; Waldburger et al., 1995; Bosshard et al., 2004; S. Kumar & Nussinov, 2002; Donald et al., 2011; Basu & Mukharjee, Identify interface-stabilizing residues that participate in interprotomer salt bridges and hydrogen bonds of pore conformations with atomistic insight into protein dynamics, we performed unbiased all-147 atom molecular dynamics (MD) simulations of the membrane-inserted pores in explicit solvent 148 at physiologically relevant conditions, and analysed protein conformations for hydrogen bonds 149 and salt bridges. Hydrogen bonds were considered to exist if the donor-acceptor distance is 150 less than a cut-off of 3Å and the hydrogen-donor-acceptor angle is less than a cut-off of 20 • .
Salt bridges were considered to exist if any oxygen atom of an acidic residue (aspartic acid, 152 glutamic acid) fell within a cut-off of 4Å (Barlow & Thornton, 1983 ) from any nitrogen of 153 a basic residue (lysine, arginine, histidine). From analysing the MD generated pore ensembles 154 with these definitions, a large number of unique hydrogen bonds and salt bridges that occurred 155 in any pore conformation were catalogued and subjected to the screening funnel ( Figure 2 ).
156
The screening funnel applied a three-step elimination procedure for the above list of elec-157 trostatic interactions. Firstly, only persistent and not transient interactions were chosen. Persis-158 tence was quantified from the pore ensembles by employing occurrence frequencies (see 'Mate-159 rials and Methods'). Any interaction that had an occurrence of less than a chosen threshold of 160 50% were eliminated. Additionally, since only interface-stabilizing interactions that ensured the 161 structural integrity of the multimeric pores were of interest, intra-protomer interactions which 162 could play an indirect role in interfacial stability by stabilizing the individual protomer confor-163 mations were discarded. Secondly, the high frequency hydrogen bonds and salt bridges from the 164 previous step were checked for their global effects on the pore structure. Since pores are mostly where N is the number of protomers comprising the pore (for example, N = 12 for ClyA and 7 168 for AHL). Therefore, each inter-protomeric hydrogen bond and salt bridge should in principle 169 be symmetrically repeated multiple times across the interfaces. However, with weakly inter-170 acting residues, pore dynamics and breathing motions may lead to fluctuating hydrogen bonds 171 and/or salt bridges. Thus, it is possible that local persistent interactions may occur in only a few 172 inter-protomer interfaces, and these interactions may not contribute across protomers towards 173 the global structural stability of the pore complexes. To unambiguously select highly stabilizing 174 residues, we apply the following screening criteria: any interaction between residues across an 175 inter-protomer interface have to be present in at least N 2 pore interfaces if N is even, or N −1 2 176 interfaces if N is odd. Thirdly, as discussed in the introduction, only hydrogen bonding and 177 salt bridging residues that were buried in the solvent-inaccessible portion of the inter-protomer 178 interfaces, i.e., relative solvent accessibility of that residue (RSA) was lesser than 0.25, and 179 had high interfacial interaction energies as computed from the MD generated ensemble (< −4 180 kcal/mol; see Results subsection titled 'Screening selected amino acid residues using interaction 181 energies and relative solvent accessibilities'), were identified as interface-stabilizing residues. inter-protomer, and prevalent hydrogen bonds and salt bridges, which were then subjected 248 to screening criteria 3. As explained in previous sections, criteria 3 only selected buried and 249 strongly interacting residues with non-bonded energies < −4 kcal/mol. To classify residues as 250 buried, the per-residue solvent accessible surface area (SASA) was computed for these residues 251 in each protomer of both pores, and the mean SASA for these residues were normalized with 252 the theoretically estimated maximum per-residue SASA (Tien et al., 2013) to obtain the per-253 residue relative solvent accessibility (RSA). We then employed an oft-used RSA based binary 254 classification of residues as buried and solvated -residues with RSA≤ 0.25 (or 1 RSA ≥ 4) were 255 considered as buried while the rest were assumed to be solvated (Levy, 2010) . Similarly, we computed the per-residue total non-bonded interaction energy between each interface in both 257 pores, taking into account contributions from both Coulomb's and van der Waal's interactions.
Molecular dynamics simulations of

258
For the i th pore residue with n atoms interacting across the j th inter-protomer interface, the 259 per residue energy, ∆E vdW i + ∆E Coul i , which is averaged across all the inter-protomer interfaces 260 of the pore, is computed using
where N is the oligomeric state of the pore complex. figures without the subscript i for ease of notation).
267
After computing the energetics for all residues, a ternary classification was made: considered to significantly contribute to interface stabilization.
273
As shown in Figure 6a E85-Q131-K254, and E161-K214, respectively.
283
The energy-based classification of residues emerging from the analysis also revealed some 284 distinct differences between ClyA and AHL pores. In the case of ClyA, we observed that about 285 50% of the final selected residues contributed to a destabilizing effect, while in the case of AHL,
286
although several residues were found to interact in the 'weak' regime, only one residue had 287 marginally destabilizing energetics. This is consistent with the inherent structural stability of β-
288
PFT pores compared to α-PFT pores (see supporting arguments in 'Discussion and conclusion', 289 and evidence from RMSD analysis of MD simulations in Figure 3a ). Previous mutagenesis studies on ClyA and AHL validated our predictions of residues that are 292 critical for pore formation and stability. Our screening protocol illustrates that Y27 present 293 on the membrane inserted α-helix of ClyA (αA1 in Figure 6c ) forms a hydrogen bond with 294 A179 present on the membrane-inserted hydrophobic motif, which is in close proximity to the 295 helix αA1. Recent work from our group has shown that the mutation Y27A reduced the lytic Figure 6 . Selection of buried residues that strongly contribute to the interfacial energy in (a) ClyA and (b) AHL pores based on relative solvent accessibility (RSA) and the per-residue non-bonded interaction energy (∆E vdW + ∆E Coul ) at the interface. 25% RSA threshold (vertical grey line) and the energy thresholds separating strong (< −4 kcal/mol; buried and solvated shown as green and blue shaded regions respectively), weak between (0 and < −4 kcal/mol; yellow shaded region) and destabilizing (> 0 kcal/mol;pink shaded region, italicized) interactions are illustrated. Only buried residues with high energies (triangles in the green shaded region) are selected and labelled. Colour convention: red circles -negatively charged residues, blue -positively charged residues, and green -others. From the (c) ClyA and (d) AHL pores, selected residues which satisfy screening criterion 1−3 (text coloured red), and their partners which form interfacial electrostatic interactions that satisfy criterion 1 − 2 (text coloured black) are shown in two protomers (helices shown with cartoon representation and coloured according to Mueller et al., 2009) . AHL is shown with the tube representation. Transmembrane β-strands of the two protomers (residues 119 − 126, 132 − 140) are coloured green, and the other domains are coloured lilac and pink respectively. (one of the overlapping boxes in AHL is coloured blue for contrast.) (e) Amino acid frequencies across 7 and 10 aligned homologous sequences for ClyA and AHL are represented as protein sequence logos. and K29 were associated with strong cholesterol binding sites (Giri Rao et al., 2016; Sathya- The authors declare no conflict of interest.
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